ABSTRACT: A realistic description of acclimation of the growth rate and carbon-to-chlorophyll a ratio (C:chl a ) of phytoplankton to irradiance, nitrate concentration and temperature was incorporated into a l-dimensional model of phytoplankton production dynamics. The properties of the model's steadystates are described as a guide to its behaviour and to parameter sensitivity. Seasonal cycles of chlorophyll a and C :chl a within the upper 200 m of the ocean were predicted at latitudes ranging from 0" to 60" N. Although limited to a consideration of physiological acclimation of a single taxon, our results compared well with observations. Predicted values of C : chl a ranged from 20 to >l60 g C g-l chl a. Lowest values of C :chl a were predicted for the top of the nutricline within the seasonal thermocline in mid-summer. Highest values of C :chl a were predicted for the nutrient-depleted surface mixed layer in mid-summer. The seasonal range of C :chl a was greatest in tropical and subtropical waters and least at 60°N. Predictions of the vertical distribution of C:chl a at 20°N were consistent with published observations for the subtropical North Pacific Ocean. Predictions of the relationship between C : chl a and chlorophyll a In surface waters showed qualitative agreement with published observations for the North Atlantic Ocean. The value of C:chl a within the surface mixed layer depends on the mean irradiance within the surface mixed layer and the extent of draw-down of the limiting nutrient (nitrate) from winter/spring maxima. A balance between phytoplankton growth and loss to grazing led to quasisteady-state conditions in the mixed layer In summer. Parameterisation of grazing was a critical determinant of summer C:chl a. Another cntical parameter was the physiologically determined minimum value of C : chl a. Implications of physiological acclmation of C : chl a to our .understanding of the role of phytoplankton in the ocean carbon cycle are discussed.
INTRODUCTION
Chlorophyll a is the most widely employed measure of phytoplankton abundance. However, it is the carbon content of phytoplankton that is required for calculating growth rate from 'v uptake measurements (Eppley 1972, Longhurst et al. 1995) and for evaluating the role of phytoplankton in the carbon cycle and marine food webs. It has long been recognised that the carbon-to-chlorophyll a ratio (C:chl a) is a major unknown variable that limits our understanding of marine ecosystems (Strickland 1960 . Eppley 1972 , Banse 1977 . Variability of C:chl a of phytoplankton has been documented using new instrumentation and techniques, including flow cytometry to estimate phytoplankton carbon content (Campbell et al. 1994 , Buck et al. 1996 , and I4C labelling of chlorophyll a to estimate phytoplankton growth rates and carbon content (Redalje & Laws 1981 , Gieskes & Kraay 1989 , Goericke & Welschmeyer 1993 .
The carbon:chlorophyll a ratio varies from about availability and temperature (Goldman 1980 , Langdon 1988a , b, Falkowski & La Roche 1991 , Geider 1987 , Cloern et al. 1995 , Geider et al. 1997 It is minimal at high temperatures (25 to 30°C) and low irradiances (<20 pm01 photons m-' S-') under nutnentreplete conditions and increases at high irradiances, especially at low temperature and under nutrient-limiting conditions. A recent regulatory model (Geider et al. 1997) can account for much of the systematic variability of C:chl a in phytoplankton. The model includes the reduction of cell pigment content at high ~rradiance. The decline of pigment content is exacerbated when growth rate is limited by low temperature or restricted nutrient availability. In this paper we embed this regulatory model into a simplified 1-dimensional model of primary production and so generate predictions for the temporal and spatial vanations of C: chl a. Mocieis of pelagic ecosystems commoniy depict phytoplankton growth as a multiplicative function of light, nutrient and temperature effects (e.g Tett et al. 1986 , Fasham et al. 1990 ). Most of these models do not account for the nonlinear responses to these environmental factors arising from adjustments to C:chl a. Although Kiefer & Kremer (1981) , Kiefer (1993) and Doney et al. (1996) included acclimation of chlorophyll a in their models, they did not present predictions of variations in N:chl a or C : chl a, nor dld they compare predictions with observations. The regulation of N:chl a in these models is qualitatively similar to our treatment of C : chl a. However, the Kiefer & Kremer (1981) and Doney et al. (1996) models require knowledge of N:chl a for cells in balanced growth in order to specify the dynamics of physiological acclimation. The model employed here (Geider et al. 1997) yields C : chl a in both balanced and unbalanced growth as a consequence of physiological dynamics rather than as an input.
The present study uses the model of Geider et al. (1997) to determine how C :chl a ratios may be expected to vary with latitude and season in the ocean. The l-dimensional physical structure employed has been kept as simple as poss~ble in order to highlight the roles of the physiological processes. The steadystate properties of a 2-layer version of the model are described to illustrate the behaviour of the model during the summer or at the equator and demonstrate some of the parameter sensitivity. Parameter values for the environmental forcing functions have been selected to be representative of different latitudes. We show that the model reproduces most aspects of the seasonally and latitudinally distributed observations, examine the sensitivity of the results to changes in the structure and parameters of the model, and discuss the impl~cations of the results.
THE MODEL
The model, which is based on Taylor et al. (1986) , describes the annual variations of the vertical distributions of phytoplankton and a single nutrient (inorganic nitrogen as nitrate and/or ammonium) down a 1-dimensional ocean water column. Irradiance at the sea surface was calculated for any latitude and time of the year by the appropriate astronomical formulae and a correction for reflection applied as in Bunker (1976) . Annual cycles of light, temperature and vertical mixing down the water column are specified using the parameter values given in Tables 1 & 2 . Phytoplankton growth rate is calculated by the relationships used by Geider et al. (1997) . The phytoplankton are subject to a time-dependent specific loss rate (m) due to death or respiration, which regenerates the nutnent with efficiency E. Particulate carbon, chlorophyll a and dissolved nutrient are calcu!ated as functions of depth (z) and time ( t ) . Phytoplankton cells sink at a rate (v) withln a hydrodynamic regime defined by the spatially and temporally variable turbulent diffusion coefficient K(z, t). Upweliing or downwelling are not considered in the present calculations. The changes in carbon (C), chlorophyll a (a) and nutrient (N) concentrations are then described by:
where PC is the carbon-specific photosynthesis rate. p, , , , is the ratio of chlorophyll a synthesis to carbon fixation and y is the conversion factor from mg C to mM N (based on a C:N ratio of 5.6).
Boundary conditions at the surface and bottom are also needed to constrain the model. As there can be no flux across the sea-surface: and mu.st hold at the surface. At the bottom, Cand a are set to zero and N is assigned a constant value. This allows phytoplankton to sediment out and nutrient to return to the water column from below. The sinking velocity has been set to zero in all the calculations which follow.
The vertical variation of the turbulent diffusion coefficient K(z,t) in the ocean is represented by means of a 2-layer approximation. In the mixed layer K was assumed to be 0.02 m2 S-', while beneath the mixed layer a value of 5 x 10-S m2 S-' was used. These values were selected to be typical of many regions of the ocean. At each latitude and each day of the year the mixed-layer depth was estimated as in Taylor et al. (1991) . The annual cycle from Levitus (1982) was employed at 35" N. At other latitudes, the same shape was used, but rescaled with different maximum and minimum values (Table 2) . Vertical mixing from the sea surface is not constant during the day but fluctuates as the buoyant convection varies (Woods & Barkmann 1986) . While wind mixing stirs the upper 10 to 20 m at all times of the day, the convection due to surface cooling penetrates deeper and is more variable. At night, convection reaches throughout the mixed layer; but during most of the day the heat input by the sun exceeds the heat loss by evaporation, sensible heat flux and long-wave radiation, so that convection only extends to a shallow depth. This diurnal variation can be important to the onset of the spring bloom (Taylor & Stephens 1993) . To take account of the additional convection at night, the mixed layer was homogenised at the beginning of each day.
The organic carbon-specific photosynthesis rate (PC) is expressed as a function of the irradiance (I) and the chlorophyll a : carbon ratio (8) as follows (Geider et al. 1997) , using the parameter values given in Table 1: where U,,, is the initial slope of the P-I curve normalised to chlorophyll a, and P,$' is the light-saturated rate of photosynthesis normalised to carbon. The initial slope is assumed to be constant based on 2 simplificat i o n~: first, that the rate of light absorption is proportional to chlorophyll a content, and second, that the maximum quantum efficiency of photosynthesis is invariant (Geider et al. 1997) . The light intensity at any depth is calculated by splitting the light into red and green bands as in Taylor et al. (1991) . P: i s considered to be a multiplicative function of a Monod nutrient limitation functlon and an Arrhenius temperature dependence:
where P:, . is the maximum photosynthesis rate allowed by a given temperature (T) and nutrient concentration (N), T,,, is a reference temperature of 293 K, P&, , is the reference value of P$ at T,,, under nutrient-replete conditions, KXis the half saturation constant for growth and E,/R is the slope of a n Arrhenius plot.
The temperature in the mixed layer is assumed to vary sinusoidally between a n assigned winter (midFebruary) minimum and an assigned summer (mid-August] maximum. The temperature at the bottom boundary is kept at a constant value throughout the year. Temperatures at intermediate depths were obtained by linear interpolation between the bottom of the mixed layer and the bottom boundary.
p,hl is assumed to be regulated by the ratio of achieved-to-maximum potential photosynthesis (Geider et al. 1997 (8) incorporates the observation that the ratio of newto-regenerated production (the so-called f-ratio) is related to the nutrient concentration (Platt & Harrison 1985) .
Eqs. (1) to (3) were solved (see Appendix A) by means of the Crank-Nicholson method using an implicit treatment of the nutrient limitation terms as in Taylor et al. (1986) . However, before describing the results, we will discuss the equilibrium properties of the model. These illustra.te the behaviour and parameter sensitivity of the model during the summer period and at the equator, occasions when there is the greatest vertical variability in C:chl a.
STEADY-STATE PROPERTIES OF THE MODEL
Following Taylor et al. (1986) and Taylor (1988) , the properties of the steady-states of Eqs. (1) to (3), can be demonstrated by approximating the system by 2 layers: a mixed layer in which carbon, chlorophyll a and nutrient concentrations are Chl, a M and N M , and a thermocline layer in which these values are CT, a~ and NT. Beneath these 2 layers is a deep layer in which there is no phytoplankton and the nutrient concentration is fixed at NB. The population in the mixed layer is assum.ed to be nutrient limited while that in the thermocline is assumed to be light limited. The dependence of each limiting factor is taken to be linear. In order to facilitate the analysis, self-shading of the phytoplankton 1s neglected. Numerical experiments have shown that removal of this assumption does not change the basic conclusions. In the 2 layers, PC and pchl from Eqs. (5) to (7) reduce to:
where:
Ihi and IT are the light levels and T,,,, the temperature of the layers. Eqs. (1) to (3) are then replaced by the corresponding balances of carbon, chlorophyll a and nutrient in the 2 layers:
In these equations the rate of vertical diffusion is assumed to be proportional to the difference in concentration between the layers; the coefficient k2 represents the diffusion between the mixed layer (thickness hM) and the thermocline, and k , between the thermocline (thickness hT) and the deep layer. k , and k2 each have the dimensions of velocity. Different loss rates m M and m~ have been used in the 2 layers, and a possible atinospheric input of nutrient to the mixed layer (Atm) has been included These a l e slight generalisations of the model
The steady-state solutions of Eqs (14) to (19) are derived in Appendix B, some of whose properties are s~inilar to those derived for elated models in Taylor (1988) The nutrient concentration in the mixed layei, the ratio of the chlorophyll a concentration in the thermocline to that in the mixed layer, the ~a t i o of the particulate carbon concentration in the the~mocline to that of the mived layer, and C chl a in the mixed layer and the thermocline are all independent of the recycling processes and of the nutiient fluxes into the system Any deep carbon maxlmum w~l l be less p~onounced than the corresponding deep chlorophyll a maximum Increasing the l~g h t level, the initial slope of the P-I curve or the prescribed upper limit of chl a C, or decreasing the mortality in the therinocline will raise the thermocline chlorophyll a and carbon concentrations relative to the values in the mixed layer C chl a will always be larger in the mixed layer than in the thermocline The ratio of the total production in the thermocline to that in the mixed layer will be slmila~ to the ratio of the cal bon concentrations in the 2 layers
RESULTS
Numerical simulations with the model were carried out for 5 latitudes representative of a wide range of oceanographic conditions in the North Atlantic 0°, 25", 35", 47" and 60°N The parameter values (Table 2) were chosen to be typ~cal of these latitudes although inteimediate values were sometimes estimated by linear interpolation The attenuation coeff~cient for green light was assumed to increase with latitude, consistent with variations that arise from changes in solar altltude The change with solar angle in the pathlength of the photons per vertical metre traversed gives rise to an inverse dependence of the attenuation coefficient on the average cosine of the zenith angle (Kirk 1994) This functional dependence on latitude is slmilar to the variation in Table 2 Estimates of the deep concentration of the limiting nutrient, which is expressed as nitrate in the model, were obtained from observational data (e g Michaels et a1 1994) At 47"N the value was obtained from the suiface nitrate concentration reached during the winter The model always predicts depletion of the surface nutrient duiing the summer and this depletion determines the size of the sprlng bloom The model output differs from observations by predicting depletion of suiface nutrients at 6OoN in the Atlantic where silicate 01 some other nutrient may be consumed before nitrdte becomes depleted (e g Taylor et a1 1993) It was necessary to set the deep nitrate concentration at 60°N to a value which is lower than is observed in order to constrain the spring bloom to realistic values, and thus accomn~odate alternative limiting factors in a nitrogen-based model. The bottom concentration was set equal to the difference between the winter and summer concentrations (Taylor et al. 1991) ; this implies that the nitrate IS standing in for some other limiting factor. Fig. 1 shows contour plots of the annual cycles of nitrate, chlorophyll a and C:chl a at the 5 latitudes. Each plot shows the last year of a 10 yr run, there being little difference in the annual cycles generated by the model from the second year onwards. Vertical profiles of chlorophyll a, carbon and C : chl a on Day 200 at the height of the northern hemisphere summer are shown in Fig. 2 . At the equator there is little change through the year with a continuous deep chlorophyll maximum well below the mixed layer in the nutricline. This is the typical tropical structure (Herbland & Voituriez 1979 , Banse 1987 . Further north there is a spring bloom at the end of the winter deep mixing, the spring bloon~ occurring later with increasing latitude. D u r~n g the summer there is a deep chlorophyll maximum at 25O, 35" and 47"N but not at 60°N. These are the main features of the annual cycles of phytoplankton in the North Atlantic (e.g. Williams 1988 , Strass & Woods 1991 , Michaels et al. 1994 The model predicts that changes in the concentration of chlorophyll a will be accompanied by substantial vertical and temporal variations in the C:chl a, between 25 and 50 at 60°N and from 25 to 160 at the equator. In general, the largest values occurred when phytoplankton abundances in the mixed layer were very low because of nutrient deplet~on. The ratio is reduced beneath the mixed layer during the summer due to increasing light limitation (as shown in Appendix B, Eq. BlO), and the sloping of the contour lines (e.g. at 47" N in Fig. 1) show this reduction occurs later at greater depths. The sloping contours reflect the downward transport of phytoplankton from the surface waters, especially those from the end of the spring bloon~. One consequence of these var~ations in C : chl a is that only at the equator is the deep chlorophyll maximum accompanied by an appreciable deep carbon maximum (Fig. 2) . Fig 3 shows vertical profiles of chlorophyll a and phytoplankton carbon measured by Furuya (1990) along 154" to 164" E. As in Fig. 2 , there is a deep chlorophyll a maximum at 24"N accompanied by a much weaker deep carbon maximum, while at the equator both peaks are equally strong. Blanchot & Rodier (1996) have observed that at the equator in the Pacific the subsurface chlorophyll maximum was at the depth of maxlmum picoeukaryote abundance and also at the depth of the phytoplankton carbon maxiinun~. Tables 1 R 2 In a recent study, Buck et al. (1996) measured autotrophic carbon:chlorophyll ratios in surface samples along a transit from 5" S to 61°N close to 20° W during Ju1.y to August 1993 and related these to surface chlorophyll a concentrations. Lowest values of C : chl a were observed at highest chlorophyll a concentrations. The mod.el produces surface values that follow a slmilar trend to these data (Fig. 4) . High values of C : chl a and low values of chlorophyll a are predicted for low lat~tudes; chlorophyll a concentrations increase and C : chl a decreases, as latitude increases. Vertical variation of the C : chl a ratio was measured by Campbell et al. (1994) between October and April at station ALOHA in the North Pacific. Fig. 5 shows that the range of values predicted by the model for the same seasons at 25"N compares favourably with the observed range.
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SENSITIVITY EXPERIMENTS
The simulations carried out for different latitudes illustrate many aspects of the model's response to changes in the physical forcing parameters. The timing of the spring bloom is strongly affected by the light attenuation coefficient and the depth of the mixed layer because the population is light limited at this time. For the same reason, decreasing the attenuation coefficient or the mixed-layer depth raises the chlorophyll a and carbon concentrations in the thermocline at the expense of those in the mixed layer (Appendix B, Eq. B8). The greater delay of the spring bloom and the reduction of the deep chlorophyll a maximum at higher latitudes (Figs. 1 & 2) reflect these responses.
In this section, the sensitivity of the results to other features of the model will be explored. Figs. 6 & 7 show the dependence of the results on our treatment of physiological acclimation of C : chl a. These figures compare simulations in which C:chl a was either allowed to vary or kept at a fixed value of 40 throughout. With variable C:chl a growth occurs further into the light-limited regimes, i.e. at greater depths (Fig. 6) , and earlier in the spring and later in the autumn (Fig. 7) . The carbon concentrations differ only modestly in these comparisons but deep chlorophyll a maxima are much more pronounced when C:chl a is allowed to vary (Fig. 6) . Pronounced deep chlorophyll a maxima are typically observed in nature (Cullen 1982) . In all the calculations that have been described the sinking speed of the phytoplankton has been set to 0. Sinking rates are known to vary considerably through the season and with latitude as the phytoplankton populations change. When calculations were also carried out with a constant sinking speed of 1 m d-' the results differed only slightly from those presented here. At the end of the spring bloom sedimentation may be very fast which would terminate the bloom more rapidly than shown here. This faster sedimentation would also tend to steepen the sloping C : chl a contours beneath the summer mixed layer in Fig. 1 .
The results of the model are particularly sensitive to 2 of the parameters used: the assumed upper limit for the chlorophyll: carbon ratio (0,) and the value of the mortality rate in the summer (Fig. 8 ). Raising 0, or lowering the mortality increases the chlorophyll a and carbon concentrations and, as predicted by the steady-state analysis, gives rise to a more intense
DISCUSSION

Model structure
Our intention was to examine the implications of the processes affecting chlorophyll a concentrations in phytoplankton cells for the variation of C:chl a in a range of ocean environments. To this end, the physical structure of the model was kept as simple as possible by representing the stratification in terms of a l-dimensional set of diffusion coefficients. We did not attempt to accurately simulate specific sites or to deal with upwelling systems. This structure appears to capture the major features of the seasonal and meridional variations. A more realistic treatment of the physical processes is to predict the vertical structure from the meteorological forcing by means of a mixed-layer model (e.g. Tett et al. 1986 , Marra & Ho 1993 . Unfortunately, the biological system is sensitive to the deficiencies in these physical models which leads to little improvement in the results and would obscure the interpretation of the biological effects.
Comparison of predicted biomass with observations
The model qualitatively predicts the seasonal cycles of chlorophyll a and nitrate at all latitudes. Quantitatively, the model appears to overestimate the size of the spring bloom at 35", 47" and 60" N, and to underestimate mixed-layer chlorophyll concentrations at 0" and 20" N At 35" N the model predicts a peak chlorophyll a concentration of 2 mg m-"hereas observed values at Bermuda rarely exceed 0.5 mg m-3 (Michaels et al. 1994) . At 60°N, the model estimates a spring bloom peak of 9 mg m-3, whereas observed values reach at most 4 mg m-3 (e.g. Williams & Robinson 1973 , Williams & Hopkins 1976 . Part of this discrepancy may be attributable to the discrete observational data set missing the actual phytoplankton peak. The observations at 35" N are limited to monthly samples, whereas spring bloom chlorophyll a values considerably greater than 0.5 mg m-3 are predicted by the model to persist for periods much less than a month. Fig. 1 shows that C chl a does not change markedly until the spring bloom is over (at 60" N the complete annual variation is not very large) and so it is likely that overestimates of the bloom height will not lead to significant errors in the predicted ratios. This is borne out by the C:chl a ratio being close to 40 during each of the spring blooms in Fig. 1 .
At 60°N a nutrient constraint was applied to allow for the high levels of nitrare persisting through the summer. Based on data from 1989, have argued that this persistence is atributable to the seasonal succession, being due to silicate limitation of diatoms, grazer limitation of phytoflagellates and the slow growth of dinoflagellates. In the present model the summer populations at 60°N are nutrient limited and so may have a C : chl a ratio that may be too high.
Although the summer concentrations of chlorophyll a predicted by the model at 35", 47" and 60" N are similar to those observed, the values of particulate carbon and chlorophyll in tropical and subtropical surface waters (0" and 20°N) are unrealistically low. This may have arisen because we have neglected several potentially important sources of nitrogen input to the euphotic zone in these regions. These include: nitrogen transport by vertically migrating diatom mats which may account for 50% of new production in the surface waters of the North Pacific gyre at 31°N (Villareal et al. 1993) ; nitrogen fixation by Trichodesmium spp. which has been calculated to provide at least 27 % of new production at station ALOHA (22ON) (Letelier & Karl 1996) , and atmospheric deposition of organic and inorganic nitrogen which may be important in stimulating primary production in oligotrophic ocean regions (Owens et al. 1992) . Note that the steady-state analysis in Appendix B shows that increasing the nutrient input to either layer will raise the biomass (and production) in each layer by the same proportion without affecting the relative intensity of either the deep chlorophyll or the deep carbon maximum and will not change C : chl a values.
Comparison of predicted C:chl a with observations
We predict an 8-fold range in C:chl a from 20 to >l60 g g-' with time, depth and latitude through the seasonal cycle. High values are predicted for the surface mixed layer under high-light/low-nutrient conditions in summer and low values are predicted for the subsurface chlorophyll a maximum layer in summer.
Interestingly, intermediate values are predicted for the mixed layer in winter. Are the extreme values predicted by the model consistent with observations? Unfortunately, there is no con~pletely unambiguous method of estimating the C:chl a of natural marine phytoplankton populations. Direct comparisons of particulate organic carbon with chlorophyll a cannot be made because phytoplankton are a variable, often small, proportion of total particulate organic carbon (Li et al. 1992 , Campbell et al. 1994 . It is necessary to differentiate the contribution of phytoplankton from the contributions of microzooplankton, bacterioplankton and detritus. Flow cytometry offers one technique for enumerating phytoplankton, including the picoplankton which are often overlooked in traditional l~g h t microscopy. By combining flow cytometric observations of abundance with literature values of cell carbon contents, Campbell and co-workers have been able to estimate the phytoplankton carbon concentration for comparison with measurements of extracted chlorophyll. General agreement of model predictions of C:chl a with Campbell's observations was found (Figs. 4 & 5) . If anything, the model predicts C : chl a on the low end of the observed range.
Using the same approach as Campbell and co-workers, Li et al. (1992) had earlier found somewhat lower values of C:chl a in the Sargasso Sea (36"N) in September 1988. They calculated C : chl a of 15 g g-' for the nitrate-rich maximum-chlorophyll layer and 44 g g-' for the nitrate-depleted surface mixed layer. It is likely that prochlorophytes were underestimated in the samples from the surface mixed layer because of the very low fluorescence of high-light/low-nutrient-adapted cells. It is interesting that both Li et al. (1992) and Campbell et al. (1994) report a factor of 3 difference between mean values of C:chl a between the surface mixed layer and the deep chlorophyll maximum layer. As C : chl a in the mixed layer is about 6 times the prescribed minimum value, the steady-state analysis (Eq. B10) predicts this ratio will be approximately determined by: and so will increase if the light level increases (e.g. at lower latitudes) or if either the prescribed minimum C:chl a or the initial slope of the P-l curve is raised. Increasing the mortality in the thermocline will reduce this ratio.
Phytoplankton carbon concentrations estimated from cell counts should be applied with caution because of wide variations in the ratio of organic carbon to cell volume. For example the carbon:volume ratio varied from 0.04 to 0.4 p g C fl-I in nanoplankton examined by Montagnes et al. (1994) . Two-fold variations of carbon:volume with time of day have been reported for Synechococcus sp. (Stramski et al. 1995) and Thalassioslra pseudonana (Stramslu & Reynolds 1993) .
Another technique for estimating C:chl a of phytoplankton is the 14C-pigment labelling technique introduced by Redalje & Laws (1981) . Using a 14C-labelling technique, Gieskes & Kraay (1989) estimated C:chl a of 66 to 51 g g-' for Indonesian surface water samples incubated at 30% of incident irradiance. C:chl a was independent of chlorophyll concentration (chlorophyll a ranged from 0.29 to 2.6 pg 1-l). Phytoplankton carbon:total particulate carbon ranged from 0.24 to 2.36 (only 1 value was significantly > l ) .
Using a I4C-labelling technique, Welschmeyer & Lorenzen (1984) measured C : chl a ratios of 19 to 150 g g-' for phytoplankton from Dabob Bay, M'ashington. This is similar to the range predicted by the model. Welschmeyer & Lorenzen (1984) observed pronounced vertical variability with maximum values at the surface and minimum values at depth as expected due to accli-mation to the vertical light gradient. Significantly, C : chl a increased during the incubation, suggesting that the results of labell~ng experiments do not always mimic conditions in situ. Relatively high values (50 to 80 g g-l) of C:chl a were observed in winter (February) . Low values (about 20 g g-l) were measured deep in the water column in March. The highest value was observed at the surface in August when irradiance was greatest. Our model predicts a seasonal pattern of C : chl a that is broadly consistent with the observations of Welschmeyer & Lorenzen (1984) .
Taken together, the data from 'v labelling and flow cytometry are consistent with variability of C : chl a of about a factor of 10.
Sensitivity of C : chl a to grazing pressure The iiiaximum C:chi a p~edicieci for summer depends critically on the mortality coefficient. This is expected if the surface mixed layer in summer approximates a chemostat culture. Recall that w e have treated mortality as a phytoplankton biomass specific rate. Since vertical transport of nutrients into the euphotic zone is limited by the stability of the water column, phytoplankton rely on recycled nutrients for growth in summer. Under these conditions, the rate at which nutrients are supplied to phytoplankton depends on the rate of remineralisation of nutrients by zooplankton which in turn depends on the rate at which zooplankton feed. We anticipate that the surface mixed layer evolves to a situation where the nutrient concentration equilibrates at a value that it is just sufficient to allow a growth rate which matches the mortality rate. All other factors being equal, C:chl a is inversely related to phytoplankton growth rate under nutrient-limiting conditions (Goldman 1980 , Geider et al. 1997 . The process of remineralisation determines the dynamics by which the steady-state occurs. However, the analysis in Appendix B shows that at the final equilibrium C : chl a is determined solely by the vertical balances of carbon and chlorophyll a and so is independent of the recycling processes. Although their ratio does not depend on the recycling, the abundances of carbon and chlorophyll a each increase with the efficiency of recycling. The dependence of C:chl a on mortality points to an important interaction between ecological processes such as grazing and the physiological processes that regulate phytoplankton pigment content.
Timing of the spring bloom Fig. 7 shows that lowering of the C : chl a ratio allows the spring bloom to occur almost a week earlier than when the ratio was held at 40. At the time of the bloom the ratio is not less than 40 so that this difference must originate in the very early stages of the bloom development. Both the magnitude of the spring bloom and the summer concentration of chlorophyll in the deep chlorophyll maximum depend on the entrainment of nitrate into the surface mixed layer in winter. Therefore, carry-over from winter is a n important process in the model and winter conditions could b e a significant source of interannual variations.
Is the deep chlorophyll a maximum a deep carbon maximum?
In the model calculations, deep chlorophyll a maxima were only accompanied by appreciable deep carbon maxima at the equator, and the steady-state analysis in Appendix B shows that deep chlorophyll a maxima will be more pronounced than deep carbon maxima. This is in agreement with Cullen (1982) who pointed out that, because the relationship between chlorophyll a and phytoplankton biomass is highly variable, vertical profiles of chlorophyll a must be interpreted with caution if their ecological significance is to be established. Kiefer & Kremer (1981) have constructed a chlorophyll-nitrogen model in which the chlorophyll concentration per cell is proportional to the specific growth rate of the cells and inversely proportional to the light level. Simulations of Station S in the Sargasso Sea using this model gave deep chlorophyll maxima without deep maxima of phytoplankton nitrogen.
Implications for validating pelagic ecosystem models Our results have significant implications for validation of pelagic ecosystem models using chlorophyll a as a measure of phytoplankton biomass. We have already shown that vertical variation of chlorophyll concentration within the euphotic zone does not necessarily correspond to a variation of phytoplankton biomass.
Models which equate chlorophyll a to phytoplankton carbon or nitrogen are likely to misrepresent the processes responsible for formation of the deep chlorophyll maximum layer.
The seasonal variability of C : chl a by a factor of 3 to 4 predicted for 35"N is significant when compared with the annual range of chlorophyll a concentrations of about a factor of 10 to 20 at the Bermuda JGOFS time series station. In contrast, the variations of C : chl a between about 20 to 40 g g-' predicted for 60°N are minor when compared with the much larger seasonal range of chlorophyll a at this latitude. Conventional models will be least subject to errors associated with incorrect parameterisation of C : chl a or N : chl a in such high latitude waters. These are the regions with the largest rates of biological sequestration of CO2 by export of organic matter to intermediate and bottom waters and the sediments, but lower latitudes where the sensitivity to variable C:chl a is higher cover a much larger ocean area.
Implications for estimating the consumption of inorganic carbon
The model assumes a constant carbon-to-nitrogen ratio (C:N). Since phytoplankton production is ultimately limited by nitrogen uptake in the model simulation~, the draw-down of dissolved inorganic carbon (TC02) w~l l not be greatly affected by the predicted acclimation of C:chl a. A slight increase of TCOl drawdown arises by allowing the phytoplankton to acclimate to low light by decreasing C:chl a. This in turn leads to net growth of phytoplankton at slightly greater depths in stably stratified waters, and thus draw-down of TCO, over a slightly greater depth range than would be the case if C : chl a were assumed to be constant at a value of 40 g g -' .
Appendix B. Steady-state solutions
The steady-state solutions of Eqs. (14) This ratio expresses the intensity of the deep chlorophyll a maximum, being small when the maximum I S strong. It Using Eq. (B12), CM/CT can be calculated by means of shows that the intensity is independent of recycling Eq. (B9) and the nutrient concentration in the mixed layer processes, fluxes of nutrients into the system, temperature (NM) can then be calculated from Eq. (Bl). None of these 3 and of the mortality in the mlxed layer. Increasing the light ratios therefore depend on the recycling processes or the level (I,). the initial slope of the P-I curve (achl) or the maxinutrient inputs to the layers. The ratio of the production in mum chl a : C ratio ( 8, ) lead to a more pronounced deep the 2 layers can also be calculated. Dividing Eq. (Bl) by chlorophyll a maximum. Increasing the mortality in the Eq. (82): thermocline and the mixing at the bottom of the thermocline reduces the relative intensity of the deep peak. any deep carbon maximum shows similar dependencies to CT the deep chlorophyll a maximum. There are some differencies, however. As aT/CT will normally be less than its maximum limit 0, , any deep carbon peak will be less intense
The left-hand side of this equation is the ratio of the total than the corresponding deep chlorophyll a peak, and deep production in the mixed layer to that in the themocline. This carbon values will increase less with the initial slope of the ratio is independent of the recycling and of the nutrient P-I curve than the deep chlorophyll a values. The depenflows into the layers. Eq. ( B l l ) shows the ratio decreases dence of any deep carbon peak on the light intensity will be with increasing light. When CM = CT this ratio reduces to: much weaker than that of the deep chlorophyll a peak because aT/CT is expected to decline as the light increases. which can be either greater or less than 1 depending on the a~ a~ B3 ahl right-hand parameter values. When there is a pronounced deep carbon maximum, i.e. CM/CT is small, this ratio also As BI and B3 are both positive and 8,Ch4/ahl will be greater becom.es small so that production peaks in the thermocline. than 1, C:chl a in the th.ermocline w~ll always be less than If the other parameters in Eq. (B141 do not vary, then the C : chl a in the mixed layer production ratio increases as &/CT increases.
